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ABSTRACT

Work on Contract Nonr-AiB(10) has been ti!:-tet4d toward the pri~araitiaf of dptailed
climatic maps of Africa and the Indian sub-continent after the system of classification
devised by Thornthwaite in 19L6. To com-,)lete the work required, climatological records
fr more than 1200 selected stations in Africa and 4~00 stations in 1ndir nd vicinity
were collected, analyzed, and tabulated. Water balances for each station were derived
from the climatic data alone using methods introduced by Thornthwaite. From such calcu-
lations, detailed estimates of potential evavotranspiration, actual evapotrazstirstion,
soil moisture utilization, w.-ter surplus, and water deficiency were obtained. In addi-
tion, the moisture type and thermal efficiency of the climate were determined at each
ata tion.

Each of the principal water balance factors was studied in relation to its regional
variations and a method of mapping was selected. The method recopnized the effects of
topographic, diversity and the influence of oceans on climatle fartors. Distribution of
soils, vegetation, or hydrography were not usel an the basis for Interpolating data amnng
stations although apreement between the climatic mapq and such physio~~aphic information
is clearly apparent. It wan found that each of the selected climatic factors was
especially corr-lated with topopraphy. The agreement with toporrftphy was most noticeable
in the case of potential evapotranspiration and least noticeable with precipitation. The
distributions or water surplus and deficiency, and the moisture regions which depend on
oth potential evapotra nsti ration and pr# cipitation were intermediate in their agreement

with topography.

Zlimatic maps at a scale of 1:5,000,000 of average annual potential evapotranspira-
tion, water deficiency, water surplus, the moi-ture region", and preciaitation were pre-
pared for Africa and India.' The largpe-scale climatic maps could not be reproduced
inexcpensively for inclusion with this re-port so small-scale maps givinp the general
outlines of the patterns~ shown on there more detailed maps were prepared and are included
as olates and II. Maps of preeio' itation are included in the text for comparison with
the other mlementsn of the water balance. Descriptions of each of' the maps are provided.
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CLIMATI.S OF AFRICA AND INDIA ACCORDING TO THDrINTHWAITE'S 190j CLASSIFICATION

by

Douglas B. Carter

The 190~ Thornthwaite climatic classification introduces the concept of potential
evapotranspiration and uses It in the task of delimiting climatic regions. Potential
evapotranspiration is defined as the quantity of wat~er that would be evaporated and
transpired from a vegetation-covered area when the soil always contains an optimum of
moisture. Clo.sications based only on temperature and precipitation and their sasonal
variations cannot dolinealsclimates accurately ror they fail to provide a rational inter-
pretation of the moisture factor. One cannot tell whether a climate is moist or arid
from a knowledge or precipitation alone. Only by comparing the precipitation or avril-
able water with the potential evarotraneptratif"1 or water need can a ree'nona1.1e a- ?esn-
ment of the moisture environment be made. Under Thornthwaite'r, 190j classIfication,
climatic boundaries are delineated on the basis of climatic factors alone and are mnde-
per~dent of the distribution of vegetation or s011, criteria which mipht be used in any
evaluation of the system.

A large number of regional studiuVI~I.Fng Thornthuite's, new system of' climatic
classification has recently appeared. ~, uiIn addition, under Air Force sponfsor-
ship, comiuutations and maps of the classification have beer prepared at the Laboratory
of Climstolopy for Japan, Korea, Formosa, China, Australia, Southwest Asia, and continen-
tal Southeast Asia. Unfortunately, most of these previous maps are not comparahle in
scale or in matod of mapplinp and the maps do, not enhrnce whole continents. Computations
and maps of Thornthwpite's new classification have been particularly lacking for Africa
and India. Thus the present contract was begun~ In order to complete the mapping of the
climatic classification for the largest land areas remaining unmapped - areas which are
of considerable strategic importance in the pre-tent world situatio'n.

RELVCH OBJECTIVE

The objectives of the project were (1) the computation of the vnriouis climatic
indices of the 1948 Thornthwaite classification of climate for the Indian sub-cortinent
and all of Africa; (?) the mapping of these quantities on a scale consistent with the
density of the climatic stational and (3) preparation of a brief discussion and descrip-
tion of the resulting patterns.

KLDGMS1T OF TH4E CLASSIICATION

In some areas, precipitation Is always more than the evapotranspiration, the
watt need, so that the soil remains full of water and a water surplus occurs. In
other places, month after month, precipitation is less than Potential evapotranspiration,
there in not enough moisture for the vegetation to use and a moisture deficit occurs.
Stations with both wet and dry seasons, or with cold seasons of low water need, normally
show (1) a period of full storage, when precipitation exceeds watnr need end a moisture
surplus accumulates; (2) a drying season when stored soil moisture and preciuitation are
used in evapitranspiration, storLge is steadily diminished, the actual evapotranspiration
falls below the potential and moisture deficiency occurs; and (3) a moistening season
when precipitation again exceeds water need and soil moisture is recharged.

I# burros# Jo Jag oa Mial, A. L. Los Clims do Is Republics Argentina Sogun la Nueva
Clasification do Thornthwaite. Reteoros. Ano 1, No. 2, L.nero 1951, pp. 3-32.

2. Lrine, Sirri. The khimate. of Turkey According to Thornthwatte'. Classifirationa.
Annals Assoc, Amer. Uoir., vole 39, No. lo March 194~9, pp. 26-1s6*

3. IUarnier, b. J. Thornthwsite's New System of Climatic Classification In Its Applica-
tion to Now Zealand.Tas gx.Se New Zealand, Vol. 79, Pt. 1, June 191, Pp. 87-103.

hs. Howe, 0. M. Climates or te Uhodiei indI Nia nd A-cording to the ThornLhwaito
Classification. U~oi'r, Revs, Vol. h3p No. I4. 1953, pp. 525-Wog

5. Sanderson, N. The tclimates of Canada According to the New Thornthwaito Classiiation.
Scientific Agriculture, Vol. 28, No. 11# Nov. MR1,, pn. 501-q?7.



It was originally assumed, for convenience only, that the root zone of the soil
contained a maximum of 10 cm of water ,n storage at field capacity and that this moisture
wvuld be used at the potential rate as long as any of it remained. Actually, we have
known that the moisture holding eapacit, of the soil available for use by the roots may
be much greater than 10 cm and that as soil moisture is utilized the rate of evapotranspi-
ration will diminish. Recent work1 suggests that at least 30 em depth of water will be
available for use by deep-rooted mature plants in most normal soils and that the evapo-
tiunsrdration rate which diminishes ae the soil dries is proportional to the amount of
water in the soil. When the soil moisture is reduced to one-half of capacity the actual
evapotranspiration rate will be inly one-half of the potential rate. Somewhat comparable
values of actual evapotranspiration, water surplus, and deficit are obtained using either
the original 10 cm assumption or the new assumption of a 30 cm storage capacity and a
varying rate of evapotranspiration as would be expected from a consideration of the
assumptions themselves. The new procedure is preferable, however, since It is more
realistic than the older empirical one and depicts more exactly the processes going on
in nature.

Using the new procedure it is possible to work out a water balmnce sheet from
climatological data alone showing at all timet the soil moisture condition and providing
values of moi ture surplus and deficiency. In figure 1, precipitation is compared with
both potential' and actual evapotranspiration at selected stations in Africa and India
while table I gives the water balance computations for two of them. The various opera-
tions indicated in table 1 are relatively straightforward. When the soil moisture is at
field capcity, actual and potential evapotranspiration are the same and all precipita-
tion in excess of the potential evapotrannoiration is realised as water surplus. When
precipitation does not equal potential evapotranspiration the difference is made up ir
part from soil moisture storagel but as the soil becomes drier, the part not made up is
larger. This is the water deficit, the amount by which actual and potential evapotran-
s!iration differ. The soil moisture storage change cannot be determined directly but
must be obtained from an appropriate table.

Table I

Water Balance for Selected Stations
(in centimeters)

J F H A H J J A S 0 N I) T

Kayes, French West Africa
kutentlal Evapo. 9.6 13.0 17.4 18.9 20.2 18.8 17.1 15.8 15.6 16.h 16.8 9.3 186.9
Precipitation 0 0 0.1 0.3 1.7 9.5 18.h 21.4 14.0 hO 0.1 0.2 69.7
Difference -9.6-13.0-17.3-18.6-18.1 -9.3 1.3 5.6 -1 .6-12.,-1.7 -9.1 -117.2
3torage Changes 0 0 0 0 0 0 1.3 5.6 -0.7 -h.3 -1.9
Soil Hoist. Storage 0 0 0 0 0 0 1.3 6.9 6.2 1.9 0 0 16.3
Actual lapo. 0 0 0.1 0.3 1.7 9.5 17.1 15.8 1h.7 8.3 ?.O 0.? 69.7
Water Ueficiency 9.6 13.0 1'.3 18.6 18.5 9.3 0 0 0.9 8.1 12.8 9.1 117.2
Water Surplus 0 0 0 0 0 0 0 0 0 0 0 0

Srinagar, Kashmir

Potential Evapo, 0 0,3 2.1 5.0 1.9 11.0 l1.2 13.1 8.7 4.5 1.7 0.6 70.7
Precipitation 7.h 7.1 9.1 9.4 6.1 3.6 5.8 6.1 3.8 3.0 1.0 3.1 69.7
Difference 7.h 6.8 7.0 4.h -2.8 -8.2 -8.h -7.0 -. 9 -1.5 -0.7 2.9
Storage Chargee 7.41 6.8 3.2 0 -2.7 5.9 -5.- -3.3 -1.9 -0.5 -0.? 2.9
Soil Moist. :torage 20.0 26.8 30.0 30.0 27.3 &.1A 15.6 12.3 10.4 9.9 9.7 12.6
Artual Evopo. 0 0.3 2.1 5.0 8.8 9.5 11.6 9,.s 5.7 3.5 1.2 0. 57.;
Water Deficiency 0 0 0 0 0.1 2.3 2.6 3.7 3.0 1.0 0.5 0 13.2
Water Surplus 0 0 3.8 1. 0 0 0 0 0 0 0 0 8.?

*nail moisture utilization diminishes as the soil moisture stoare beernme lss.

1. Thorntvwaite, C. ,,-. and Mather, J. R. The Water Budget ann Its Uce in Irrigation.

In Yearbook of Agrieultur., 1955, U. S. jepartment of Agrieulture tin pIepm).
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In regions where the water deficiency is large with respect to the need or poten-
tial evapotranspiration, the climate is dryl when water surplus is large with respect to I
the potential evapotranspiration the climate is moist. Where there is a water surplus
and no water deficiency, the relation between water surplus end water need constitutes
an index of humidity. Similarly, where there is a water deficiency and no sur1 ,lus, the
ratio between water deficiency and water need conrtitutes an index of aridity.'

Water surplus and deficiency will occur at different seasons in most places so
that both must be taken into account in a moisture index, the one affecting it positively,
the other negatively. When the humidity index is compared with the aridity index making I
due allowance for soil moisture storage and utilization a moisture index is obtained.
Moist climateL- have positive values of the moisture index while dry climates have nega-
tive values. This index is the basis for the division of the world into moisture pro-
vinces. The divisions suggested arei

Hois ture Province Me'istu.'- Tndex

A Perhumid 100 and above
BF) 80 - 99.9
B3)--Humid 60 - 79.9
B2) 40 - 59.9
DlI) 20 - 39.9
C2  Moist sub-humid 0 - 19.9
C1  Dry sub-humid -19.9 - 0
D Sewi-arid -39.9 - -20
E Arid -60 - -4o S

The moist and dry climates are separated by the moisture index of zero.

A second index used to define climatic provinces is the annual potential evapo-
transpiration itself. Evapotranspiration - the change in state of water from liquid to
vapor - represents not only an important mass transfer from ground to atmosnhere but also
it is an important aency of energy transfer since consid,rable heat is used in evapo-
transptratlon and it is transferred to the air with the vapor ae latent heat. Evapo-
trans.ntration is more than the reverse of rainfall; it is also a reverse flow to the
incoming radiation* A sinRle parameter, hence, provides a picture of two of the princi-
pnl exchanges between *arth and atmosphere.

With moist soll practically all of the net radiation is used in evapotranspiration
and little goes to trming the soil or heating the air. Under these conditions the
actual evapotranspiration approximates the potential evapotransniration. Thus, this
latter quantity becomes an index of available energy - enerpy whirh is used in the evapo- •
tranqnirati2n of water and in the growth of plants. As such, potential evapotransntra-
tion -an be expressed either in depth of water evaporated or In calories of energy used
in apotranspiratton or plant growth. The thermal provlnees 4 sfined by means of poten-
tial evapotranspiration or available energy are given belowt

Annual Potential Evapotranspiration

Thermal Province Depth of Water Used bnergy Available 5

A' Meathermal )ll.0 em > 66.7 kg eel
B'T) 99.8 - l1h.0 em 58.5 - 66.7 kg eal
B'N) Masothermal 8q.6 - " .7 em 50.1 - 58. kg eel
5'?) 71.3 - 85. cm 41i,8 - 50.0 kR eel
a') 57.1 - 71.2 em 331. - 1.7 kg eel
C'7).- mieothermal V.. - 7.0 em 2Q . 3). kg eal
C'1 ) 2A.A - 1.7 em 16.7 - 25.0 kg ral
D' Tundra 11.) - ?8.5 cm 8A - l.6 kg eal
E' Frost 0 - lh.. em 0 - 8.3 kR eel

10 Thornt s, C. U, An Approaeh Toward a Rational claslfiration or Climate.

P, Vol. 38, No. 1, 191,8, pp. 55-9.
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It in worthy of stress that the indices which define these "provinces" specify at
every point a thermal grovth potential and the degree of moitness or dryness of the
climate. In other words, the indices are continuousl) distributed about the earth, and
do not exist merely along boundaries.

These then are important elements of Thornthwaite's classification. In adition,
indices of the seasonal variation of each of the moisture and thermal indices are some-
times included. Because of the predominance of tropical conditions in Africa and India
and the consequent lack of well-defined seasons, however, the seasonal indices have not
been included in the material prepared under this contract. In their place, maps of two
supplementary climatic elements, the water surplus and the water deficit have been
included. Detailed maps of the distribution of precipitation which were constructed
during the course of the work on the contract are also Included in the present report.

The significance of annual water surplus is most appare-nt in aDr.11qlitR the wator
resources of any region. The annual surplus Ls the annual sum mf monthly amounts by
which precipitation exceeds water need and replenishments of s1ll moisture storage and
so it is equivalent to the annual runoff. To map the water surplus the following scale
of intervals hap bean arbitrarily selected.

less than 10 cm 80 - 99
10 - 19 100 - 1h9
20 - )9 150 - 199
ho- 59 200- 299
60- 79 300 - 399

400 and over

The annual water deficiency is the sum of monthly deficits resulting from the
failure of precipitation and soil moisture storage to supply the water needed for poten-
tial evapotranspiration. Intervals used in the mapping of water deficiency are completely
arbitrary and are virtiaJly the same as those used for mapping water surplus.

CONSTRUCTION OF CLIMATIC MAPS

The three major considerations in the preparation of climatic charts under this
contract were (1) the collection and analysis of all available climatological "normal.'
of monthly temperature and precipitation and the computation of potential evapotranspira-
tion and the other climatic paramoters from those data; (2) the standardization of a
method of interpolating among station values; and (3) the selection of a suitable base
map with a scale which is appropriate for the station density and method of interpolation.

Data of temperature and precipitation for practically all Indian stations were
avoilabl, in the Laboratory's files at the beginning of the contract. Such data for
African stations were, however, generally lacking. The deficiency was rectified through
two ateps: (1) member nations of the World Meteorological Organisation's Region 1

Af rcla) were systematically addressed with requests for climatological normals; and
2) secondary sources in the Weather Bureau Library and the American Geographical Society's

library were surveyed. An a result, the latest available climatoloical sunmaries were
obtained from moqt areas. This effort to obtain data wan materially hastened as a result
of a rather complete list of climatological data which are available in leading libraries
prepared for us by the Directorate for Climatology, Air Weather Service.

Most of the stations from which data were available had records of 10 to 30 years
duration. It was not possible to reduce all the data to a standard period of observation
because the periods utilized by the different countries are not coincident. Temperatures
are particularly conservative in tropical regtonsi and averages of even a few years are
quite stable. Precipitation, however, varies greatly so relatively stable values can
only be obtained from many years of record. Precipitation records from several stations
had to be rejected as too short.

The computations of potential evapotranspiration, the moistare Index, and the water
deficit and surplus from mean monthly temperatures and precipitation were carried out
with the objective of reducing errors to a minimui. In addition, a system of cheeks toes
instituted in order to validate the computations. The checking of potential evapotranspi-
ration was carried out Praphically while the romrtations of water surplus and deficit
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were moit easily checked by the continuity of the moisture balance sheet (table 1). The
final ehor'k for all volUOs was the mapping of the actual valu e.

The numerical climatic data pertain strictly to the station locations so that data
for Intervening places can only be inferred from the influences of the local environment
on the distributions of climatic elements. The factors of greatest significance for
local interpolation are the oceanic and the topographic influences.

Kaps of the parameters which are affected by thermal conditions should allow for
a greater affect of cooling along coasts where the land-sea breeze Is well developed
than in the immiiato interior. Cooling is also apparent at coastal stations adjacent
to cold upwelling ocean waters where air movement is directed toward the shoreline. The
oceanic influence is probably less effective along very wet coasts because of the simi-
larity of the thermul balances over the ocean and wet coastal lands.

Topographic diversity is reflected in nearly all climatic distributions; cose-
quently, the topographic map is to some degree a guide to interpolation amonr climatic
values. For example, elevation is usually correlated with lowered potential evapotran-
spiration, with smaller water deficit and preater water surplus and precipitation. The
pattern of potential evapotranspiration closely reflects the toporrarhic diversity of
a region althouph it does not usually correspond exactly with thi elevation contours.
By contrast, the precipitation pattern only Rentrally resembles the topographic pattern.
Since water surplus, and deficit, and the moisture index result from comparisons of
potential evapotrans.niration and precipitation amounts, the local topoRranhy exercises
an influence on these parameters which is intermediate between its effect on precipita-
tion and potential evapotranspiration.

Objective interpolation amonr station values for the purnrose of drawing isopleths
of elimatie parameters is clearly basic to or e-curate presentation of any climatic
distribution. In order to construct maps which present only climatic data, interpolation
has been based on only the known oceanic and toporraphie influences and not on evidence
from other distributions such as vegetation or moils which would be utilized in evaluating
the adequacy of the mapping. Coastal regions have been treated from the standpoint that
the land-sea breeze should result in a narrow band of cooler, more moist climatic conditions.
The coastal regions adjacent to cold ocean currents have been regarded as completely domi-
nated by the cool dry air associated with the cold ocean currents. Elseu-here the effect
of topography is the contrnllinR factor so that hypsometric maps were required as base
maps.

Every climatic pattern takes its major alignment from the principal topographic
outlines. Regions of notable relief have the greatest climatic diversity while lowlands
are distinguished for their relative uniformity. Although climatic data are often lack-
ing in aountainous areas, the correlation of elevation and climatic parameters improves
with h .ghtl thus, data are usually much more representative in the mountains than in
regions of lesser relief.

The general results of the method of interpolation may be summed up as followsa

1. A pronounced coastal modification of isopleths along cool coasts
2. A lvcalised pattern of cooling for the belt of land-sea breezes
3. Frequent assymetry between isoplethe of the moisture parameters and the eleva-

vetion contours
U. Virtual coincidence between potential evanotranspiration and contours of

o.elevation for all small regions but orly general correspondence between precipitation
distribution and relief

5. Intermediate agreement of water surplus, water deficiency, and moisture regions
with elevatinn contours.

The foregoing considerations have dictated the type of base maps to be employed.
A relief map with reliable contours is needed and the number of stationq for which
reliable data have been obtained suggests a map seale of about 115,O,000OO. The World
Aeronautical Planning Charts employing such a scale were adopted for the final base map
for the Indian sub-continent. Nape from the same series and on the same scale which were
available for Africa were less atisfa~tory since certain areas lacked contours. The
1: ,000,000 sap of Africa being prepared by the American Geographical Society for publica-
tion in 1955-56 met our requirements adequately. Although this map Is iill in the
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production stage, it was possible to obtain prints of the compilation sheets showing
relief and hydrography on scales of 113,000,000 and ls5,000,00O through the cooperation
of Dr. C. B. Hitchcock, Director of the American Oeographical Society. The lIS,0UO00
sheets were utilised as the base map for the climatic maps of Africa.

The 115,000,0O0 maps of Africa and India are so large that reproduction at that
scale would be too expensive for general distribution with this report. However, a
Bruning print of each climatic map has been made at a scale of 115,000,000 and the print
has been hand-colored. From the colored prints, other maps of the five principal para-
meters, potent.al evapotranspiration, water surplus and deficit, moisture index, amd
precipitation have been prepared in smaller scale, retaining as much as pos-ible the
detail in the large-scale maps. Copies of these small-scale maps are included 1n this
report.

CLIMATIC MAPS OF AFRICA

Average Annual Precipitation

Traditionally, averages of precipitation have been an Lngredient of climatic
classifications. In Thornthwaite'a classification, however, the annual amount is not
uttilized directlyl instead, monthly amounts are compared with potential evapotranspira-
tion and storage needs in order to determine surplus and deficiency of moisture.

In figure 2 the distribution of the average annual precipitation in Africa is
shown. The principal features of precipitation in Africa have been described elsewhere

1

and need not be repeated here. However, it should be noted that a wide range of amounts
occurs over the continent - from nil in southern Egypt to nearly 1000 cm at Debundscha,
Nigeria. Moreover, as can be seen from the water balance graphs (figure 1) the annual
amount may be concentrated in a few months or distributed nore or less evenly through
the year.

Average Annual Potential Evapotranspiration (Plate I-A)

It was indicated previously that potential evapotranspiration is equivalent to
either the water need or the thermal efficiency of a climate and that the potential
evapotranspiration and the precipitation are Iiven in the same units. The distribution
of averge annual potential evapotranspiration in Africa is shown in plate I.A.

Although not shown, the value of potential evapotranspiration of A.2 em delimits
the coldest, or frost (E) climates. In African latitudes El climates occur only on the
highest summits generally above 15,O00 ft. Small islands of El climate occur on Hts.
Rumen, .., Kilimanjaro, and Kenyal these islands are represented on the 115,000,000 map
of potential evapotranspiration completed under the contract but no El climate appears
in the reduced map included in this r-. ort. Although more areas of DO climates than El
climates are represented on the 115,00),000 map, notably on Mt. Elgon, the Drakensberg,
and several summits in the central and southern Ethiopian mountains, there is no siqnl-
ficant extent of this climatic type in Africa so it, too, has been omitted from plate r-A.

The microthermal (C') climates in Africa are found only at relatively high alti-
tudes in Morocco, In the Drskensberg, on the highest volcanoes of Kenya and Uganda$ and
in the Ethiopian Highlands. The C', D', and E' climates are restricted exclusively to
mountain regions because warm water surfaces nearly surround Africa and separate it from
rource regions of truly cold polar air.

Mesothermal (B') climates comprise the range of annual pot4itial evapotranspira-
tion from 57 cm to lii em while rveathermal (A') climates have an annual sum exeeding
111h ra. Tho R' and A' climates are the only two thermal types in Africa with an apprerl-
able areal extent.

The mop of potential evapotranstiration shows that, north of a line from Port
Ftienne on the Atlantic coast to central Tunisia thence southward including the tablelands
of western Lthys ani eastward to the Sinai Peninsula of Egypt, the climate Is mesothermal.

I . endrew, W. 0. The Climtes of the Continent@. New York, Oxford Univ. Preas,
It, f~d., )110, pn. -" )0I~'.
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South of the northern mesothermal climates, megethermal conditions prevail over
all the Sahara except the Tibeeti and Ahappar Massuif. A' climates extend to the Guinea
Coat and to nearly all of the ConFo Basin in western anti central Africa and large areas
of A' climates surround the Ethiopian Highlands. Potential evapotranspiration increases
southward in the meagthermal climates to maxima which are located In four main haninn in
the Sahara and Somalia. Subsidiary centers are found in the Benue Valley of Nigeria and
on the Red Sea coast. The largest area of potential e-spotransplration exceedine 171 cm
Is in French West Africa in the lowlands southwest of the Ahaggar. Other centers of
more than 171 cm are located in the Chad Basin and in the Upper Nile prevince of Anglo-
Egyptian Sudan. Alo?r the Somalia coastal plain and into the Juba and Shibeli valleys
there is another mrarate area of more than 171 em of potential evapotransfiration.
Values of water need exceeding 171 em apparently are not common in other continents and
certainly annual sums exceeding 200 cm are presently unknown except at a single station
in Somalia. At Lugh Ferrandi, the averpRe annual potentim] evarotrans r-mt--n ameunts
to 10 o7 cm.

The march of potential evapotranspiration in the meathermal climates of central
and western Africa is extremely varied; a sinrle peak, a double peak, or multiple peaks
of water need occur at various places in this vast region. Along the boundary of
northern mesothermal and megathermal climates, the march is chara'terited by a great
annual range from January minima of one or two cm to July maxima of about 20 cm. Figure
1-F shows that at Beni-Abbes, Algeria, during July, the water need soars to 22.1 cm, an
apparent record monthly maximm.

A double maximum of water need is comson at latitudes lower thar 200 in the mega-
thermal climates. At Kayes, fifure l-D, it can be seen that peaks of water need occur
just before and after the periods of greatest monthly rainfall. However, the amplitude
of the annual range of potential evapotranspiration diminishes so greatly near the
equator that some stations have multiple aixima because the differences in the lengths of
the months are the dominant variation. For instance, Gandajika, Belgian Corno (fipure l-E)
has a maximum in each of the four months with 31 days during its rainy season but each
month with fewer than 31 days has a minimml however, the annual range Is less than 3 cm.

The musothermal climates whieh embrace the interior rlateaus of Ethiopia, Kenya,
Tangnyike, Ruanda-Urundi, Anpola, the Rhodesias and Nyasaland, Bechuanaland, and the
Union of South Africa have rather distinct contrast* to the mesothermal climates which
exist across the northern extremity of the continent. The mesothermal climates in the
highlands of Tenganyika, Kenya, Uganda, Ruanda-Urundi, and Ethiopia have small annual
ranges of potential evapotranspiration rather than pronounced winter and summer periods
found in the meothermal climate of northern Africa. Precipitation amounts and distribu-
tions are ditrrertnt, too, from the feast and famine regime of the Mediterranean so the
east African meothermal climates have a reasonably large percentage of the potential
evapotrmnw'.:ation satisfied by available moisture. The regime of water need at Mubende,
figure 1-C, illustrates the mall annual range of water need which is characteristic of
upland equatorial Africa.

The msotlerval climates of the coast of southwestern Africa exhibit an "inversion'
pattern. Potential evapotranspiration on the narrow, cold coastal plain Is generally
los than 85 em and upland stations also have mall annual sums but intermediate eleva-
tions have a water need which exceeds either the coastal or the upland places. For
example, water need increases by 18 em from 73 em at Swakopmnd to 91 em at Windhosk only
to diminish again to 85 em at about 5000 feet in the mountains east of Windhoek. Inver-
sione of potential evapotransoiration also occur, but in lesser degree, in the mesother-
mel cilmates of coastal Morocco and the meathermal climates of coastal Nigeria. Meso-
therml climates of southern and northern Africa are basically similar in their thermal
efficiency regimes, but the relief of the two regions t strongly eontrasted so the
area of comparable types of thermal efficiency are dissimilar. Even more contrasting
are the reimes of soil moisture in the two regions; hardly any area of the southern
msothermal elimates except the Cape Province has conditions of agriculture and growth
of natural vegetation comparable to those in the northern mesothermal region in spite
of the fundmental similarities in growth potentials.

Madagascar'@ pattern of potential evapotrarepiration Is almost a replica of its
relief pattern except that the water need is slightly larger in the rorthweet coastal
plain than elesathre.



Average Annual Water Surplus (Plate I-D)

A map of the average annual water surplus In Africa is included in plate I-D.
,4ost of Africa has little or no reliable surplus. In the Mediterranean roastal repon,
the average surplus is nil at many stations such as Benrati (figure 1-B) where average
winter precipitation only partially refills the storage capacity of the soil.

Surplus in the Sudan from Gambia to the Cold Coast increases southwestward culmi-
natinR in the phenomenal annual value of 3146 em at Schiefflin, Liberia. Surplus is a
debatable asset in this region where the enormous mounts are further aegravating because
of their confinement to a very few months.

In southeastern Gold Coast and adjacent ToRo and Dahomey, the averfse annual sur-
plus drops to less than 10 ca. Th1i peculiar qi+,atte ir d"lo to% ,te li.-, earqU y of Pre-
cirltation, primarily, since the rainfall pattern is interrupted here. The lack of sur-
plus is accompanied by evidence of dryness in every climatic map of Africa presented in
this report.

The largest region of appreciable surplus in Africa extendn from northwestern
Niperia to Nyasaland and from southwestern Angola to south.western Anglo-Egyptian Sudan.
Withir this region two main centers of surplus are apparentl the Cameroonn and the up-
lands of the eastern Congo Basin.

Surplus In the C'eroons is greatest alonR the coast nod decreases inland. Never-
theless, the princ.pal range of the Cameroons has a surplus of more than 60 cm. The
record precipitation at Debundscha, Nieria, provides a surplus in every month but else-
where in the Cameroons surplus is interrupted Ir at least on, month and Kribi even has a
dual regime of surplus as fiure 1-A shows.

The vestern flank of the Mitumba Mountains in the eastern Congo Basin has a large
surplus, particularly the portion in the vicinity of OP to 30S latitude. The largest
amount is 230 cm at Mwindo where every month has a surplus.

The center of excessive surplus in the Cameroons and the corresarondinR focus of
surplus on the eastern Congo ranges are separated by lesser values of surplus, especially
along the l6wer Congo River where the river forms the western border of the Belgian Congo.
An annual surplus of 6.9 em at Iano is the lowest Indicated value in the region. Other-
wise, from Nigeria to Nyasaland, surplus is abundant.

Surplus in the Ethiopian Highlands is common on nearly all elevated tracts.
Greatest mounts occur in the southwest and south but little is found in Eritrea or
Somalia. Surplus in Ethiopia is markedly seasonal with many months, particularly Decem-
ber, Ja,.uary, February, and March devoid of surplus even at the wettest of stations.

Frrm Lake Rudolf to Lake Nyasa, maximum surplus in British Last Africa occurs on
the contorted discontinuous relief elements which punctuate the plateau. Moreover,
gradients of surplus are steep on the slopes of the restricted relief. Over the plateau
of Uranda-Tanganyika surplus varies only slightly above and below a value of 20 cm.
Northern Mozanbique has more civersity in its surplus; indeed, the coastal plain north
of Beira has less than 20 cm while a considerable area In the northwest has more than
6O cm of surp'us.

Surplus of more t.han 20 em occurs in the Union of South Africa on the Drakensberg,
the plateau rim in the east, and on the ranges parallel to the south coast. From the
trakenabere, many streoams carry away the summer surplus but the Orange River system is
particularly noteworthy. The Orange crosses nearly the width of the Union without the
benefit of any siseable surplus after it leaves the uplands of the east.

Surpluq on Hadegasacr ranges from 218 cm at Tamatave to nil at Tulear, Tnihembe
ani Morombe and insignifieant amounts at the northern extremity of the island. A seond-
ary mawlmum occurs along the north-central mountains.

^verage Annual Water Deficiency (Plate !-C)

befIcit is equivalent to drou.ht - it is the need for moisture that storage and
proeipi tAtion have failed to meet. Only the repions without deficit are free from drought.



A glance at the map of average annual water deficiency, plate I-C, Is sufficient to
indicate that drought prevails over all Afric. except in the equatorial zone from the
Cameroons to Lake Victoria, in eastern Madagascar, and in the cooler mountain districts.

The greatest average annual deficiencies occur in Somalia and in the Sahara where
more than 150 cm of water is needed at many stations in order to rectify deficits. Three
centers of extreme deficiency occur in the Sahara and another extends alonr the Red Sea
coast and into Snmalia. Each area of extreme deficiency in the Sahara coincides with a
topographic basin. In southern Africa the drought is not as severe, quantitatively, al
it is in northern Africa so the pattern of deficiency for the continent is much more
asnymetric with respect to the parallels of latitude than is the case for preripitation
dis ribution or the distribution of water surplus on the continent.

South of the Atlas Mountains and also south of the Li1yaii a.,J hKY.tle' ('la-it,
water deficiency increases in the Sahara to maximum values which are virtually equivalent.
to the potential evapotransplration at each station. At Kharga in southern Egypt, the
average deficit actually equals the water need because averago precipitation is nil for
a twenty-year record. Since many stations in the Sahara reepive no rain for more than
a year at a time, water deficiency there is clearly a perpisio nt r:.ther Lhan a seasonal
trait of the climate.

On the Ethiopian Highlands, deficiency is 11 cu at Addis Ababa even though the
station has an altitude of 8000 feet. Elevation's effect on potential evapotranspiration
eradicates deficit from only the highest peaks. Peaks in the Fthiopian Highlands are
high enough to have a negligible deficiency but summits in Eritrea and Sudan are not.

The region with largest rainfall in Liberia, Sierra Leone, and Senegal also has
a rmarkable deficiency. No other large region in 0'. ca with more than 500 cm of
precipitation has such a marked seasonal concentra. . of rainfall and a resulting deficit
of more than 20 cm. Throughout the equatorial forest repgon from Lake Tanganyika to
Pt. Uentil and from the Camercona Mountains to the Kenya-Uganda boundary, deficiency is
negligible.

British East Africa and the Portugese territories of Mozambique and Angola have
essentially similar annual deficiency. South of the Kenya peaks, annual deficiency
ranges from 20 to 60 cm on the uplands of TangarTtka and Mozambique but varies even
less on the plateaus of Angola and the Rhodesias. Mountains with more than 5000 feet
elevation have smallest deficits. Alonr the coast of Mozambique and Tananylka, defi-
ciency ranges from 60 to 80 cm and in the Limpopo and Zambezi valleys, the deficit
approaches or exceeds 100 cm, a marked contrast to the adjacent uplands.

One of two coastal areas in Africa without a significant average deficiency is
Matal in the Union of South Africa; the other is found in French Equatorial Africa and
Nigeria. The Natal region of low deficiencies extends from the vicinity of Fast London
to Empangeni then inland and northward to Ladybrand, Standerton, Carolina, and Pilgrims
Rest. Continuations of the low deficit region radiate outward from the main area along
the ridges near Pietersburg and also along the ridge toward Hfeking.

Other regions in Africa with 30 cm deficiency are extenaive, particularly over
the plateaus at 1003 and in the Sudan in North Africa. However, the latter are tropical;
they have much lrwger mounts of precipitation, water need, and water surplus than the
plateaus of South Africa.

Deficiencies in the Kalahari Desert reach almost 100 em annually but the prevail-
ing deficit is only about 80 cm. East of the desert, deficits decrease with increasing
altitude although a low-altitude connection between areas with high deficiencies in the
Kalahari Desert and the lover Zambesi Valley is maintained by a corridor where average
defi-ency exceeds 60 em. The large deficiency in the lower Limpopo, however, is more
or lass isolated from the Kalahari by moderate deficits at Zeerust and Mafeking.

Averaga annual water deficiency is loss along the Namib coast than it Is on the
mountains borderlng the Namib because the need for water in greatly depre.sed at coastal

sations hy the pronounced cooling associated with the Benguela Current. The coastal
Arse from the mouth of the Orange River to Mossamedes has negligible precipitation anti
Po wmtei deficiency is almnost equivalent to water need.



Madfoamsar's water deficiency ranges from nil on the east coast to about 100 cm
in the southwest, west, and the northern extremity of the island. In the vA'ley whith
containq Lake Aloatra, the annual deficiency is 27 em at Ambohitsilaozana. Except for
this anomaly, the pattern of deficiency in Madagascar is quite regular.

Moist1r Regions (Plate I-fl)

The main types of moisture regions in Thornthwaits's classification of climate
are perhumid, humid, subhumid, semiarid, and arid. Each of theme types is shown in
plate I-B. Furthermore, the dry subhumid and moist subhumid types are differentiated
tby a bold line iiich represents the zerm moitsture index. The I,Id line -. perateq Montsi
climates with prevailing moisture surplus from dry climates with rrevailing deI'icirrnc
of moisture.

Moist climates in Africa are not contiguous; they are found In five major groups
on the continent. Moist climates occur in the Atlas Mountains, th.* Ethiopian Highlands
the Guinea Coast, tha Congo Basin and its surrounding plateaus, and moist climates are
found on the sum.'its of various mountains in the peripheral ranges from the Cape Province
to Lake Nyasa.

One major bloc of dry climates occupies the lowlands of the Mediterranean coast
and all the Sahara; moreover, it extends to the coaRt In the Gold Cost Colonyin Toga,
and Dahomey, and it encircles the Ethiopian Hiphlands, and projects across thet equator
in eastern Kenya to the vicinity of Kiliman~jaro. The other large group or dry climates
comprises the coastal strip south of 50S latituae and the Interior plateaus of southern
Angola, and lowlands of northern Rholiesia and .4o7ambique, together with all lowlands
and plateaus in British South Africa except a triangular bloc extending. from Durban to
Bloemfontein to Pieteraburg.

Perhumid Climates

~'eprrhuimda climate of the Cameroon coart centers on Port Victoria and extends
from the northern boundarw of Spanish Guinea to the mouth of the Cross River but it is
limited to the region wi..dn a hundred miles of the coast.

The Mitumba Mountains northwest of Lake Tanganyika have a perhumid climate with
surplus occurring in the period from September until June. L'ummts have continuous
surplus. On the western flank of the Mittumba range, perhumid climate extends to stations
as low a- 10)0 meters such as Mwjndo.

The perhumid climate of the Lthiopian Highlands Is found at Gondar, elevation
M5~ feet, and at Let Marefia, elevation 7898 feet. In southern U~hlopia, perhumid
climate. occur at about 7000 feet on the southwestern sides of the rarfes where precipi-
tation is excressive .

In KenyA, the perhumid climates are confined to the summits of volcanic peaks.
One station, Kericho, elevation 6700 feet, has a moisture index sufficient for perhumid
climate. Howeter, the decrease of water need with height in central Kenya indicates
the certainty of perhumid climates at well -exposted stations above 7000 feet.

North of Lake Tanv'anyika, more than 2,,1) cm or prectoitation fall on mountain
stations hut water need is less than 100 cm so the climate locally Is nerhuid. Moisture
indices In the vicinity of Tukuyu indicate that perhumid clim~ates occur above 5(%)0 feet
cn rain-twapt slopr-.

l'tprn Maolagsar alito has perhumid climate. Climatic cinditionn resemble those,
in the Cameroorot where precipitaticn is exe.ssive In spite of a molderatply larve water
need.

Humid ',ltmatea

P'umi-I irliaens p;iear in limited arean of YXorocc,), Alreria, and Tunisia. The
humid rlimaf.en of the Mediterranean are distinruished hy snoirrato am'iint.4 of rurpluiv anti

itrtpirnb1 e detfeoiry. !;jpl- ocrurn duiring vi ntvr hut. qumme-r ha- lArp' defl~itst
"'a',i" preet. a2-n is only a few mm durkrg July anti Awju-uit.



The mnI onspicuous moitture type of the Ethiopian Hihlands i- te humi I Vrf.u.
Al tuu. suh-, vpe: of humid moisture reions are rf.pre,;ented and many -omh.!tR' i-r - of'

?.u:,1us and ,ffciency exist.

Humid climates in French Guinea and the Ivory Coast are shown in plate 1-9 as
more extensive than the adjacent pprhumild limatp which dominater the coasts of Liberia
and Sierra Leone. The humid climates of this region are almost the antithesis of humid
eonditions in the Mediterranean because the Guinea Coast has a 'arge surtlus in a raw
monthq And moderate dficit lantine for several months.

The principal ',Ioc of humid cl.mates in Africa extends in a hand from routh
central Nigeria and Spanish Guinea on the west to Lake Victoria and Lake Tan;,anyika in
the east. The largest expanse is in the Bolgian Conr*o and French rquatorial Africa.
The prednminant moisture indices are in the lowest of the humid categories although a
few stations, mainly with elevations of more than 1000 metcrs and an an-,-.-1 p-cc' pi*.tlon
near or exceeding 2OG cm, have high iiidices epfhllag perhumid cctiJluis. O',)i"-'
of the main humid region are found in the mountains of Nigeria and on the tlateau of
northwestern Angola and the Crystal Mountains north of the lower Congo.

The remaining areas of humid climate on the continent are found on the uplands
and mountains alon, the perimeter of the continent from Lake Nyaoin to the Gaep. of 6ood
Hope.

SuhhumId Climates

Moist and dry subhumid climates In Africa occur where either megathermal (A') or
mesothermal (B') conditions occur; apparently, suhhuid and microthermal (C'), or colder,
characteristics do not coexist anywhere in Africa. The subhumid climates occupy the
lower slopes of the Atlas Mountains, the ithiopian Highlands, and the routLentern pla-
teau rim of the continent, the Sudan mrgin of the humid climates, the Lake Victoria
plateau of Uranda, Kenya, and Tanganyika, the coartal re.ion of central Ho.ambique and
the coastal region of Natal. The region south of the lower Kasai River and the Katanga
district in the BelgRan Congo constitutes a remarkable expanse of suhhumdd climates
which is interrupted only by islands of upland humid climate.

Subhumid climates everywhere in Africa have some deficionry and some surplus.
On the Lake Victoria plateau, surplus and deficit , are small, around 20 cm, and the
resultant moist subhumti climates grade into dry subhumid varieties tiward the south.

Subhumid climates occupy most of the lower elevations in Tanpanyika and Mozambique;
much of southern Rhodesia is also dominated by subhumid climate. The obvious difference
between the suhhuadd climate of southern Rhodesia and the subhumid climate of lowlpnd
Motabique I that the latter has a larger surplus, potential evapotrannpiration, and
preci pi tat .)n.

The subhunid climates in east Africa are generally mesothermal while those in
west Africa are m"gathermal. The mesothermal suhhumid climate of the Natal hinterland
is the remilt of a most remarkable coincidence between the marches of water need end
precipitation. A small deficiency and virtually no surplus is characteristic of the
w, sternmost part of the subhumid climate here while a small surplus without much deft-
eienny is the prevailing condition along the coast near Durban.

Semiarid Climates

Semirid climates in Africa are almost devoid of a significant surplus. Semiarid
climate dominates the lowlands of Morocco and the interior or northern Algeria. In
Libya, the semiarid climates occur only in the Gebel Nefusa, in the Gehel el ArhdAr,
and along the coast near Sirte. Surrounding the Ethiopian Highlands and extendinr in a
tapering hand toward Dakar is the largest region or semiarid climate in northern Africa.
The hand of samiarld climate protrudem to the coast in the vicinity of Accra, Cold Coast
n1 nny.

The two i-olated sepmentq of remiarid climate in Tanranyika, west of the mountain
harrier nnd nn th- Mmtim%1q^-Taramy1ks coast, coincide with loral minima of preip!ta-
'i n.



The largest area of aemiarid climate in southern Africa extends in an arc around
the Kalahari Desert from southern Angola to the Karoo; it includes all or Bechianalond
and it has two ramifications eastward to Mozambique along the Zambezi and Limr'np) vallpys.

The relatively restricted semiarid climates of Madagascar are found In the south-
western plains and at the north coastal station of Diego Suarez. Semiarid climate in
Madagascar preis,,Ls little competition to other moisture regions for the development of
agricultural pursuits.

Arid Climates

The arid climates are the most exteii.e Iii Africa. l; tL n , , rI,,.--' .o-
coast belt of arid climate across the Sahara, northern Africa has small outliers oi
arid climatis in coastal Morocco, to the southeast of the Ethiopian Nirhlands and in the
lowlands surrounding Lake Rudolf and Lake Natron in Kenya and Tanganylka. Arid climates
in the southern hemisphere include the Kalahari Desert and the southwest con-tal strip

from Luanda to latitude 330S. Two additional areas of arid c]lmatee are indicated In
southwest Madagascar and in the valley of the Limpopo through the south of southern
Rhodesia and adjacent Mozambique.

In the arid region of the Sahara, moisture indices are less than -50 close to the
southern flank of the Saharan Atlas, as for example at Colomb Bechar, and the moisture
index is less than -50 in all stations or Ypypt except Cars. Most of the Sahara has
very lov moisture indices hecauie of deficient precipitation and large water needs; the
moisture index is less than -50 throughout the central Sahara so that even as rar south

as Khartoum, Kidal, and Timbuktu, one finds indices of less than -50. Near the borders
of the arid regions, the moli-ture index undergoes a moderately sharp transition where
inr'Ices of -40 to -50 are arrayed in a narrow hand around the main area or prevailing
indices of -50 and less.

Moi:iture indices in other arid climates of Africa are rarely so low as in the
Sahara. because the coast of Somalia near MoRadisciu has a slightly greater amount of
precipitation than elsewhere in its immediate vicinity the moisture index is locally
only * O rather than -50.

A moisture index of -55 at Lodwar, Kenya indicates that Lake Rudolf is surrounded
by a relatively small region of arid climate. A similar soot of arid climate around
Lake Natron Ln Kenya and Tanganylk. Is indicated by a moisture index of -h8 at Magadi.

The ar' elbtmts along the Limpopo in the south of southern Rhodesia embraces leltbridr.e
and tu,, additional stations where moisture indices are from -h? to -47. The lowest

index in Mofagascar is -hS at Androka in the southwest of the island.

The !'amib and Kalahari Deserts are the loci of the remaining arid climates of
Africa. Fron, Luanda, AnFoln to the vicinity or the mouth of the Olifants River, the
climate Is arid and moisture indices are mainly less than -hO in Anpola and -50 in
southwest Afrea and the Union ofr outh Africa. The tore of arid climates enlarges in-
land from the mouth of the Orange River to include Indices ot -50 around Uoinpton.
Gererally, hjvever, the moisture indices irn the Kalahari do not appear to have a sharp
Pradient from -50 to -hO as was indicated in the Sahara.

CLIMATIC MAPS O INDIA AND VICINITY

1! ra rlual Prei itat on

In figure 3 the distribution of the average annual precipitation of India and
vicinity is shown. This map is a gonfralized reduction by K. Nishimoto of a 15,000,000
ma; originally prepared by Varannsi P. Subrahmanyam and Gopal Y. "lhanbhaR.

Maxima of precipitation eoincide with higher elevation, in the Jhats, the eastern
Himalaya and the Arakan Tome but a general decrease from southeait to northwest In
characteristic of the region between the Uhats and the Himalayaq. The distritutior, of
pr.ripl.ition is markedly seasonal yet the went coa, t of the iDerraii and virtuall) all
thi .iih-r.'ntirrnt eeat or the A)th meridian have anrual total, exre,,ding 100 erm.
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Mnima of precipitation are found mainly in the northwest but submidiary centers
appear in the lee of the Chats, the Khasi Hills, and the Arakan Tome. The region of low
precipitation in the Indian sub-continent corresponds in latitude to the extensive belt
of sparse precipitation extending across Africa and Arabia alonr the Tropic of Cancer.
The region of large precipitation amounts in India has annual totals comparable to the
greatest amounts in central Africa; however, thr zone of heavy precipitation in India
extends to latitude 3C° s'hile its African counterpart i. distinctly equatorial.

An appreciation of precipitation in relation to its adequacy, superfluity, or
paucity can hardly be gained from perusal of the isohyetal pattern alone; prefcipitation
must be compared with water need or potential evapotranspiration.

Average Annual Potential Faviotrer .:r -.1u: (Plate I1-.,

In plate II-A, the same ranges of thermal efficiency twater need or potential
evapotran.-piration) are shown for India and vicinity that were portrayed for Africa in
plate I-A.

The frost (E') clismates and the taiga (D') climates occur on the Himalaya summits
at high ele ations but only a small area is represented in the agrregate so D' and E'
climates are not shown on the small-scale map in this report. Microthermal (C'), meso-
thermal (1'), and megathermal (A') climates dominate the Indian sub-continent.

Microthermol climates in India are exclusive to the higher ranges in the Himalaya
Mountains. No lowlnd microthermal climates exist in India and only two observatories
at Leh and Dras in Kashmir have known average annual totals of potential evapotransnira-
tion which fall into the microthermal category. Both stations are higher than 10,000 ft.
elevation.

Mesothermal climates are prominent at moderate elevations especially above 2500 ft.
in the Himalaya and Sulaiman Mountains, in the Khasi Hills, the Shan Plateau, and the
Arakan Toma. Mesothermal regimes are found at relatively higher levels in the western
Chats and the Aravalli Range, principally above OOO ft.

Merathermal climates dominate nearly all the productive land of the Indian sub-
continent except the valleys of Kashmir and most lowlands have about 150 cm of water
need. Annual totals exceed 171 cm of water need in only four small regions: the
Irrawaddy Delta, the Coromandel Coast, northern Ceylon, and the Malabar Coast. Although
megathermal climates are found in a larger proportion of India than in Atrica, the extreme-
ly high water needs of north Africa do not occur widely in India. It is particularly
evide, that the Thar Desert does not have annual amounts of potential evapotranspiration
comparable to those found in the Sahara and Somalia deserts.

The seasonal distribution of potential evapotranspiration follows one of three
general patterns in the area represented by the maps of plate II-A. In the northwest,
montly amounts of water need are arranged in a nearly symmetrical curve as is illustrated
by the rra'rh for Srinagar in figure 1-I. In lowest latitudes and at highest altitudes
of this region, the monthly amounts of potential evapotranspiration are only slightly
different from one another; this constancy of water need is shown in the graphs for
Colombo and Kanpetlet in figure I-E,G. The most prevalent type of march for water need
is an asymetrical curve. .he skewed curve for Agra in figure 1- is representative of
the annual course of potential evapotranspiration at most stations in the Oanges Val by
and in northern Deccan.

Average Annual Water Deficiency (Plate 11-C)

Thre is no significant water deficit in the moderate and high elevations of the
Arakan Yoma and the eastern Himalaya Mountains. At the other extreme, the largest area
of excessive deficiency in the sub-continent is found in the Indus Valley. Virtually
all the Indus Valley in Pakistan has more than 100 cm of deficit. Between the area of
largest deficit in Pakistan and the Himalayan region of negligible deficit, the isopleths
of deficioncy are regularly arrayed.

b.s1:en the Indus Valley, there are three smaller centers of exeesive defilit
tue Pm tra) Irrawaddy Valley, the Kintna Valley in the central Deccan and a -Rmall area
in northw,-t Ceylon opponite a m'milar area on the mainland.



i.-ficit t troughout the year in the Indus Vaii'ey is urtialIlY unir ter r,, I 1ed; .' .
where there is reliable precipitation, it is not enouri ~o tiati:Rry the average monthly
water need. At Karachi, as figure 1-H shows, there is never a month when average preci-
pitation is, as much as the average water need. In the Irrawaddy Valley, deficit is con-
tinuou- An, for example, at Mandalay (figure 1-K) in the heart of the central section of
,he valloey. T11t. Kisutna Valley and the lowland around 1!adura in M'acras irovince ai-o
have deficits which are virtually continuous.

The rer~ons -ith nerlivible dzficit have only a month or two, if any, whon preci-
pitation is ina~dequate for needs. Such deficits Renterally occur durinr March and hpril.

Average Annial Water Surplus (Plate II-D)

World record amountb of surplus occur I,, LPt At.ias Hills .0d1lfe'h.. ~wdj ~~
more than 1000 cm of surplus water in eight months. The coast of Heirma nfenr Gwa And]
the Mergui Coast fart* r south have astounding amounts of surplus, between 1100 and
500 cm, while in the eastern Himalayan and in the central part of the Ghat-. some water
surpluses exceed 200~ cm. East of longitude 80o, surplus is copioii.; everyw~here PxcePpt.
in the central sections of the Uningren and Irrawaddy valleyr wherf h#-Fr. In only 20 cM
of surplus.

The Ghats, the central Deccan uplands, and the coasts of Blurma have a larve sur-
plus which renerally reaches its peak in June and July just after the pinn~acle of the
drourht season in April. Coastal Madiras and the interior of Ceylon have a surclus dtiring
November and adjacent months. Some stations In southt.rn Deccan and Ceylon have both a
November and June-July maximum of surplus.

in the northwest, prec'lpitation is maximum and water need is least in winter so
that surplus also occurs in winter. Othvr seasions have no sipgnificant surpiu!;; indeed,
mur:,lus occurs only at the high elevations where precipitation I! arenrectithle.

Moisture Regions (Plate 11-13)

The moisture regions of the Indian sub-continent range from arid to perhumid with
all intermediate moisture categories represented. rooirt climates and dry climates are
separated by a bold line on the moisture regions map in plate 11-11. e-oist and dry
climater are nearly equal in area in India. The Lihatr, central Ceylon, tho Aravalli
Rangoi, and peak~s of the Sulaiman Mo)untains appear as outliers or the main area of moist
climates to the east of the 80th meridian. On the other hand, dry climates appear as an
isolated area in the central Irrawaddy Valley.

Pei .umid climates on the Burma coast anLC the ur-lands of the Lhats, Arakan Yama,
Khasi Hills, and Himalaya Mountains have excessive moisture indices. At Cherapundji the
index is 1256; at Akyab on the Burma coast it is 245. Althouph Cherapundji has no
rpliable deficit, there are moderate and consistent deficits at Akyab and many other per-
humil stations with eyx-e,.ive moi'ntire indices.

In spite of the large range of the m~oisture index which is included in the caterory
of humid climates, there i!- not much area in India and vicinity which hits humWl( climate.
In fact, there. 1 only slightly more area of humid climate than of perhumid climate.

Subhuinid climates are most extennive in the uplands of the northern Deccan and the
central part of the Uanves Valley. Surplus and deficit are nearly equal in thin region,
averruping about 50 cm per year. In coastal Madras and Ceylon where there are two small
sur-lus seasons and two Reasons of deficit, the climate is only suhhumid in spite of the
fact that annual precipitation totals exceed 100 cm.

.'eimiarld climate in the Deccan occupi~E most of the Kistna Valley and the coast
of Andhra as well an the interior plains in the south of Madras. .iemiarld climate also
is prtvalent at lowest elevations In the central Irrawaddy Valley. From the hathiawar
1Irninulia to the ^ravalli tange, then nnrthward and northwestwatrd to th" Punjab an exten-
itive area of semiarid climat. is shown in plate 11-13. On the middle alope-s of the
.uuil aman Mouintainn aind eontlrujous ravres, semiarid cl imato cont~iiiien froci the ihinjrth to

fe1harni Itar irud Iran.



Arid climate is found in the lee of the Ghats althouvh moisture indices there
Indicate onlv the M'on-t mode,-t of arid conditions. A thurourhly aridi region extends
alone. the central and lower course of the Indus River and then westward alonr the coast
of the Gulf of Ormnr. Arid. climat-e also characteri7.es the lacLerior basins inl Ealuchistan.

Arid climates are found mainly at low to moderate elevations where precipitatilon
is mrall, but neither precipitation amunts nor elevation!R can serve to indicate every-
where that 9-!, imte are to be found In India and vicinity.

DTSr'USSION

In preparing the -elimatic maps it was accepted that ttnev mtoL. d.'ptct 'he.* x,-,
conditions where data are insufficient to indicate actual conditions. Acrordinv]y, th.-
mat, patterns fit the climsatic data and, in various derreeT, they rorresr'ond to the rmajor
relief patterns. In spite of this attribute, the maps must t-~ repardrd an~ -'nfrali7.ed
illustrations so that reference to the tabulated data is neroernfry foir exant nr,! detailed
I nf orma tion.

Eac-h mar, pattern carries out a pre-de term ined style or' p~pnorali.ation, or Inter-
polation, wtich is Arpropriate for the particular climatir pnriim.'ter. .in(-e the Inter-
polation technique rests mainly on topovrAphi' informat~on, the maps of Africa are
especiallY detriled because they are based on a superlative phyrical MAP Made availAble
for our project by the jAmerican Georrarhical 'cciety. In addition to their correspondence
with data and topoprap'hy, the climatic patterns rei~rmble one' another in certain inntances.

The mrap of potential evapotransiration IF- reneraily di ssimilar to thfe ma.ns of
prrcipitation, water surrius and moirture rerionn, but the pattern of whter dericiency
resembles the ' atts-rn of potential evarotrans'. ration where rrenitation i.s slis'ht. Uf
course, if there were no precipitation, the witer need and the' water deficiency would be
equi val ent.

The pattern of moisture r'vions might be reasonably well Anticipated from the
distributions of precipitation, water surplus and water deficiency. ?erhumidi reg~ions
and rerions of' very hip'h precloitation correspond closely; moist climAter' and regions of
moderatc water surplus are foind nearly everywhere; tol'ethf'r; and dry cl imates are almo!st
coincident with nrevallipl patternr of water deficiencY. There is no clearly discernible
arrtement between the patterr.s; of potential evarot'ran'riration aend mol,4Lure regions except
In the lr,v climates.

Norre is a close correspondence hetween areas' of nerelirible deficit and regions of
hip, anrual prceipitation. The rimilarities het.wcon certain water deficiency pAtternis
and dry c.]imates as well ast the likeness between maxima of potcntial evApotranispIrntIon
and larve deficits have been ind~cnted previously. There iF, howr'ver, a dis~tinctive con-
trotit between water deficiencY and water rurr-lus patterns . Wihere one Is mo't intricate,
the other varies only rAdually. ",till, the outl ine of lenrt surrlis renerally defines
mayima oef def,rlencv an-d vioce verla.

W stp mipliis plltt..rr'- reremhle patterr-s of preitation where the preeieltAtion
Is larr and they .also rf'smhle the mco -t. cli mzte!- of the mni-Affire regilons map.

The map of precipitat.inn In Africa wa' ron!,treerteri frees tireeipitatior records of
l~'lii sitation- and fr, ii reference to Inrre-rctile prec!pltntinr man' of Individuel c"untries
of Afni cA. The preripi tation mar in fip'uro 2 arree5 reneral ly wi th authoritati ve precipi-
tationn mar' puthiiinted for varinee'l countrien of Arlco. Al thorh thne ma:. o re- hased
prusumahly on intimaiteo- acquaintance with the particular country And on complete pr#%ripits-
tAnn records, they arc riot comprehensive of the whole continent arn the method of matt-InR
1- not corit-otent frcm one mnf' to the next. Uut r ap, in the orisnirol h.'! A scale of
I 15 0 )0, Of .) At id I t. p o'r ta. in - to thei whel.v. oi t'c I it uen . 1 wtet I t I! itta pa I r-e tA I n r I nt e 'r r ,toa-
tion of the distri hutlin of prenri ptation. The map of preci rit-Ation In India, fipure J,
I- rather simlanrly limited tit Its purpose' and derree of articulation althoerh more than
1,00 natror,- were nvaiiai-lr. Inrtead of recsentinr' a Mort det-a'ife I mapi of thr precipita-
tifrn dn'riNtton, thi' venral map was inoludid merely to ind -aten that preripitati.,n

dl 'tn t 'no -io nut #-rvf aditlquately to rrpre'e nit either thvelc''mat in types or the hydro-



The naps of plates I and I should be regarded as preliminary in the sense that
they are the first attempt to portray the continent of Africa and the Indian sub-continent
In the Thornthvatte system of climatic classification. They are the first maps to include
the principal features of the vater balanee or the hydrologic supply and demand or those
large continental land masses. The maps are, of course, subject to corrections and
*odification based on later information and experience with the intricacies of vegetation,
soils, hydrologic, climatic, and ecological conditions in specific areas.
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